Autophagy, a highly regulated programme found in almost all eukaryotes, is mainly viewed as a catabolic process that degrades nonessential cellular components into molecular building blocks, subsequently available for biosynthesis at a lesser expense than de novo synthesis. Autophagy is largely known to be regulated by nutritional conditions. Here we show that, in yeast cells grown under nonstarving conditions, autophagy can be induced by mitochondrial dysfunction. Electron micrographs and biochemical studies show that an autophagic activity can result from impairing the mitochondrial electrochemical transmembrane potential. Furthermore, mitochondrial damage-induced autophagy results in the preferential degradation of impaired mitochondria (mitophagy), before leading to cell death. Mitophagy appears to rely on classical macroautophagy machinery while being independent of cellular ATP collapse. These results suggest that in this case, autophagy can be envisioned either as a process of mitochondrial quality control, or as an ultimate cellular response triggered when cells are overwhelmed with damaged mitochondria.
Introduction
Macromolecule metabolism in cells constantly needs to be finely tuned depending on environmental nutritional conditions. Nutrient limitation in yeast cells 1 and/or hormonal stimulation in mammalian cells 2 trigger a conserved catabolic 'self-eating' process called autophagy, which is responsible for the degradation and recycling of nonessential cellular components (from macromolecules to whole organelles). Autophagy allows cells to survive extended periods of starvation, and thus lengthens their lifespan. However, the completion of this 'self-eating process' will ultimately lead to cell death and hence, autophagy is also envisaged in higher eukaryotes as a programmed cell death (PCD). 3 Central to this programme that controls the balance between biosynthesis and degradation is Target Of Rapamycin (TOR), a phosphatidylinositol kinase-related protein kinase that is conserved from yeast to mammals. In response to nutrients, TOR controls cell growth through the regulation of translation, ribosome biosynthesis, and transcription of a subset of mRNAs. TOR is active in the presence of nutrients and inactive upon nutrient limitation. Starvation-induced inhibition of TOR can be mimicked by the presence of rapamycin (Rapa), which blocks the cell cycle in early G1 phase, driving cells into a G0 state, and eventually triggering autophagy. 4 Based on morphological characteristics, two types of autophagy are defined. The best documented is macroautophagy. Most of the mechanistic insights come from genetic studies carried out in yeast Saccharomyces cerevisiae. Some similar, but not identical, mammalian counterparts of the yeast autophagic machinery have been identified, and a unified nomenclature was recently adopted. 5 Macroautophagy consists of a random sequestration of cytosolic portions in double-membrane-bound vesicles called autophagosomes. 1 Vesicular factors mediate the fusion of the outer membrane of autophagosomes with autolysosomes in mammals or with vacuoles in yeast. 6, 7 The resulting single-membrane-bound autophagic bodies released into autolysosomes or vacuoles 8 are further degraded by lysosomal/vacuolar soluble acid hydrolases.
The second form of autophagy, called microautophagy is less characterised but is also found in higher eukaryotes. 9 Most of the mechanistic perception comes from genetic studies carried out in methylotrophic yeast Pichia pastoris, 10 in which metabolic adaptation is caused by changes in carbon source that drives pexophagy (degradation of peroxisomes) by either macro or microautophagy. 11 Morphologically, the hallmarks of microautophagy are indentations in the vacuolar or lysosomal boundary membrane that allow direct uptake of the cytosol and/or organelles. Pinching off of these invaginations releases microautophagic vesicles into the vacuolar lumen where they will be degraded. Diverging descriptions of microautophagy have been documented in S. cerevisiae, concerning its dependence on the Apg/Aut pathway 12 and TOR. 13 In higher eukaryotes, complete autophagy is generally acknowledged as a PCD. Recent studies report that type II PCD (autophagy) could substitute for defective type I PCD (apoptosis), suggesting (i) that autophagy could be physiologically triggered by other means besides nutritional stress, and (ii) that autophagy could be an alternative to apoptosis. 14, 15 It has therefore become essential to characterise the interactions (if any) between type I and type II PCD. During apoptosis, mitochondria are acknowledged as a central element; recently, some reports have suggested the involvement of mitochondria in autophagy also. [16] [17] [18] [19] Here, we report for the first time, the occurrence of autophagy as a consequence of a physiological mitochondrial dysfunction in yeast, resulting from either anaerobic and heat stress growth of a FMC1 null mutant or anaerobic growth of a strain carrying a point mutation in the ATP2 gene. This mitochondrial dysfunction results in the collapse of the electrical potential across the mitochondrial inner membrane (DC), while not decreasing the cellular ATP concentration. This newly described induction of autophagy results in the preferential removal of mitochondria, and ultimately leads to cell death. Mitochondrial damage-induced autophagy is therefore discussed as a possible cellular survey over the quality control of mitochondria or as an ultimate programme initiated when cells cannot recover from mitochondrial injury.
Results
Anaerobic shift of FMC1 null mutant at 371C induces autophagy Catalytic core of mitochondrial ATP synthase (F1 sector) is composed of five different proteins arranged as follows: a 3 b 3 gde. The correct assembly of a3-b3 hexamer into a functional F1 sector requires molecular chaperones Atp12p and Atp11p. At elevated temperatures, Atp12p stability seems to be challenged in the absence of Fmc1p, a nuclear-encoded soluble protein located in the mitochondrial matrix. Therefore, Fmc1p is also required, although only under heat stress conditions (371C), for the proper assembly of a-F1 and b-F1 subunits of mitochondrial ATP synthase. 20 Cells lacking Atp12p or Atp11p, or cells lacking Fmc1p and grown at restrictive temperature, accumulate large electron-dense particles in the mitochondrial matrix, which were shown by ultrastructural and immunocytochemical analysis to be composed almost exclusively of mature F1 a and/or b subunits (i.e. processed to remove the amino-terminal targeting peptide). [20] [21] [22] These mutants hence lack functional ATP synthase. Such a defect becomes a major issue in respiration-deficient cells, where the maintenance of an electrical potential across the mitochondrial inner membrane (DC) is no longer provided by the respiratory chain, but should be generated by the reverse functioning of the mitochondrial ATP synthase and the mitochondrial ATP/ADP carrier (ANC): normally in nonrespiring cells, the ANC imports ATP and exports ADP, and the F1-catalysed ATP hydrolysis is coupled to proton extrusion toward the mitochondrial inter-membrane space, thus maintaining a weaker DC. Hence, respirationdeficient cells harbouring a defective F1 sector are unable per se to maintain the DC required for the importation of mitochondrial proteins and therefore exhibit a general defect in mitochondrial biogenesis. 23, 24 The severe alteration in mitochondrial protein import of anaerobically grown Dfmc1 mutants (at 371C) provides indirect evidence of such a DC collapse. Indeed, Western blot analysis (Figure 1 ) of total protein extracts showed an accumulation of the precursor form of the nuclear-encoded mitochondrial Hsp60p (preHsp60p), whereas only the mature form (m-Hsp60p) is detected in the wild-type (WT) cells, thus confirming that mitochondrial DC is impaired in our model, in agreement with the previously published data. 25 Electron micrographs (EM) of a Dfmc1 mutant grown under nonstarving conditions at 371C and under anaerobiosis (ÀO 2 ) revealed the occurrence of a process morphologically similar to autophagy (Figure 2a In order to confirm that these phenotypes were relevant to an autophagic process, we examined the autophagic activity in Dfmc1 strain versus WT or autophagy-deficient Datg5 strain. ATG5 encodes an essential component of the macroautophagy machinery required for the formation/completion of autophagosomes, and its disruption results in defective macroautophagy. 26, 27 Autophagic activity was assayed using the alkaline phosphatase (ALP) reporter test 28 ( Figure 3 ) in which the delivery of cytosolic N-terminaltruncated Pho8D60p in the vacuole results from its random trapping in autophagic vesicles; the subsequent vacuolar Pep4p-mediated activation allows the quantification of the process. Autophagic activity in WT was constant with time and remained at background levels, which was probably due to the participation in the reaction of Pho13p, another alkaline phosphatase that is constitutively active. However, this background activity was independent of autophagy as it was comparable to the level observed in the Datg5 strain. In Dfmc1 cells, however, ALP activity was found to increase over time: after 24 h ÀO 2 (grey bars), the activity was significantly increased as compared to t ¼ 0 h or to WT and this difference was further enhanced after 36 h (black bars), reaching 62% of the maximal autophagic activity determined by 24 h-Rapa Figure 1 Alterations in the processing of nuclear-encoded mitochondrial HSP60p. Cells were grown anaerobically for 24 h at 371C, and 30 mg total protein extracts were analysed on a 9-15% gradient SDS-PAGE. Immunodetection was performed with anti-HSP60 antibody. Pre-Hsp60p: precursor form; m-Hsp60p: mature form. Wild-type (WT), strain MCP1-8; Dfmc1 cells, strain MCP6-8; Datg5 cells, strain MCP185; Dfmc1Datg5 cells, strain MCP685. Western blot is representative of at least five independent experiments, all supporting the same conclusion Taken together, these biochemical data confirmed the EM observations, namely that an anaerobic shift of Dfmc1 mutant to 371C triggered autophagy independently of any nutritional stress, but as a consequence of a mitochondrial defect. The data also suggest that cell death might accompany autophagy.
Autophagy driven by mitochondrial defects triggers preferential degradation of mitochondria and is dependent on the ATG machinery In order to assay whether autophagy triggered by mitochondrial defects could target damaged mitochondria, we examined the amount of several proteins in Dfmc1 cells compared to WT, Datg5, and Dfmc1 Datg5 cells, all grown under autophagy-inducing conditions (ÀO 2 , 371C) for 24 h (Figure 5 ). Western blots using antibodies against a late golgi integral membrane protease (Kex2p), cytosolic phosphoglycerate kinase (Pgk1p), dolichol phosphate mannose synthase of the ER membrane (Dpm1p) and a component of the nuclear pore complex (Nsp1p) showed equivalent protein contents in all strains. On the other hand, Western blots using antibodies against mitochondrial outer membrane protein Por1p or mitochondrial Atp1p (a-F1 subunit) revealed that the protein levels were considerably decreased in Dfmc1 cells, reaching, respectively, 70 and 52% of the level of proteins in WT. The reason for the discrepancy in the protein degradation is not known. However, in Dfmc1 cells grown under such conditions, F1 sector was not correctly assembled into a functional Fo-F1 ATPase, since DC collapse prevents Atp1p import into mitochondria; non imported Atp1p might still be trapped into aggregates. [20] [21] [22] Such an enrichment of proteins in clusters might provide a clue for a more efficient degradation of Atp1p compared to Por1p. It is nonetheless noteworthy that in both cases, this degradation was largely prevented in the macroautophagy-deficient double mutant Dfmc1 Datg5.
Taken together, these data indicate that the mitochondrial defect generated by anaerobic growth of mutant cells carrying a nonfunctional F0-F1 ATPase triggers mitophagy through a process that most likely relies on the classical ATG machinery.
Mitochondrial damage-induced autophagy is independent of the ATP synthase structural defect and can be triggered by other mitochondrial mutations or pharmacological treatments mimicking the mitochondrial defects in FMC1 null mutant
In mammalian cells, cytosolic protein aggregates have already been suggested to induce autophagy. 29, 30 Furthermore, in yeast, impairment of the Yme1p-mediated degradation of Cox2p subunits that are not correctly assembled in cytochrome c oxidase complex of the respiratory chain, leads to mitochondrial degradation by a poorly characterised process. 31, 32 As already stated, Dfmc1 cells grown at nonpermissive temperature are known to accumulate a-F1 and b-F1 aggregates in the mitochondrial matrix. 22 A tempting hypothesis would, therefore, be that the autophagic process depicted here could result from a similar signalling initiated by these matricial aggregates. However, Dfmc1 cells grown under aerobic conditions at 371C (Figure 2d) show typical mitochondria harbouring such matricial aggregates (dashed arrows), and yet, autophagy was never detected either by EM (Figure 2d ) or with the ALP test (Figure 3, white bar) . Hence, protein aggregation in the mitochondrial matrix was not sufficient to initiate mitochondrial damage-induced autophagy.
On the other hand, the autophagic activity observed in Dfmc1 cells could result from structural defects in the ATP synthase assembly rather than from the ensuing bioenergetic dysfunction. In order to discriminate between these two hypotheses, the same study was repeated with another F1-deficient mutant (E430), which contains an amino-acid replacement (E222K) in b-F1. This point mutation disrupts the catalytic site of ATP synthase and leads to a compromised ATPase activity. However, this mutation does not hinder the assembly of the a-F1 and b-F1 in a 3 b 3 hexamers, 33 and therefore, does not induce aggregation of the mutant protein.
As in Dfmc1 mutant, anaerobic growth of E430 mutant resulted in a defective import of the mitochondrial Hsp60p, Figure 5 Selective degradation of mitochondria during autophagy induced by mitochondrial defects. Cells were grown anaerobically for 24 h at 371C, and 20 mg total protein extracts were analysed on a 10% SDS-PAGE. Immunodetection of mitochondria was performed using anti-Atp1p and anti-Por1p antibodies; immunodetection of late golgi, cytosolic, ER and nuclear compartments was performed, respectively, with anti-Kex2p, anti-Pgk1p, anti-Dpm1p, and anti-Nsp1 antibodies. Wild-type (WT), strain MCP1-8; Dfmc1 cells, strain MCP6-8; Datg5 cells, strain MCP185; Dfmc1Datg5 cells, strain MCP685. Western blot is representative of at least three independent experiments which occurred independently of ATG5 disruption, and accounts for DC collapse (Figure 6a ). Under these conditions, E430 cells also showed an increased autophagic activity after 24 h ÀO 2 (Figure 6b , black bars) compared to control conditions ( þ O 2 ) or to Datg5 mutant in either condition (Figure 6b, grey bars) . On the whole, the ALP activity in E430 cells grown anaerobically for 24 or 36 h (not shown) reached 50% of Rapa-stimulated activity (Figure 6b, hatched bar) .
Hence, mitochondrial damage-induced autophagy does not result from structural defects in the ATP synthase assembly, but correlates with a functional impairment of the complex and its ensuing bioenergetic dysfunction.
Mitochondrial functional defects (i.e. collapse of DC) in Dfmc1 and E430 paradigms result, as already stated, from the combination of two parameters: (i) the absence of respiration (due to anaerobiosis) and (ii) the inhibition of ATP hydrolysis (due to an impaired ATPase). These parameters were reproduced in cells grown under normoxi at 281C using a Rho1 strain (nonfunctional respiratory chain) treated with bongkrekic acid (BA), which inhibits the mitochondrial ATP/ ADP carrier and thus prevents the entry and further hydrolysis of ATP in the mitochondrial matrix. The ALP activity was assayed in Rho1 cells treated for 14 h with BA. Figure 6c shows an increased ALP activity in Rho1 cells grown in the presence of BA as compared to untreated cells or to the Datg5 strain, although the ALP activity reached only 30% of Rapastimulated activity (not shown). Similar results were obtained in BA-treated Rho þ cells when respiration was inhibited by the presence of antimycin A, which blocks the complex III of the respiratory chain (not shown). Although these different treatments reproduced the stimuli that initiated autophagy in Dfmc1 and E430 mutants, they appeared to be unsuitable for further studies. Indeed, EM pictures taken at later time points revealed, as expected, the presence of cytosolic autophagosomes in ATG5-positive cells and their disappearance in Datg5 mutant, but also an unexpected massive vacuolar fragmentation, probably reflecting a side effect of BA on vacuolar homeostasis (not shown).
Mitochondrial damage-induced autophagy does not result from cellular ATP depletion
Mitochondrial damage-induced autophagy depicted here was shown to rely on classical ATG machinery ( Figure 5) ; therefore TOR, which is a central regulator of this machinery, could participate in the signal transduction of this process. Recently, TOR-mediated autophagy was reported to be induced in mammalian cells by ATP depletion when glycolysis was inhibited by 2-deoxyglucose (DOG). 34 DOG is transported into eukaryotic cells as efficiently as glucose and is converted into 2-DOG 6-phosphate but this phosphorylated form cannot be further metabolised by hexose phosphate isomerase, thus inhibiting glycolysis in early steps. This treatment was reproduced in yeast and DOG was found to stimulate ALP activity as efficiently as Rapa (Figure 7) . We thus conclude that glycolysis inhibition, and the ensuing ATP collapse, induced autophagy in yeast also. ATP depletion resulting from DOG addition occurs, in yeast as in mammals, within minutes, whereas the onset of autophagy required at least 1 h; thus ATP collapse is an early event in the signal transduction of a process that appears to be conserved from yeast to mammals.
In our experimental models, ATP is no longer hydrolysed by mitochondrial ATP synthase and the cellular ATP balance is consequently also affected. Therefore, we next investigated whether ATP played a role in the signal transduction of the autophagic process described here. Total cellular ATP was thus measured in our three models. Dfmc1 cells grown under autophagy-inducing conditions (371C, ÀO 2 ) exhibited a twofold increase in ATP content as compared to WT cells (Figure 8a, black bars) . Similar results were found in Rapatreated positive controls (Figure 8a, hatched bars) . Rho1 cells treated with BA also exhibited twice as much ATP as untreated cells (Figure 8b , black bars), as did Rapa-treated Hence, the cellular ATP content and the ALP activities vary accordingly. We thus conclude that the contribution of cellular ATP collapse in the induction of mitochondrial damageinduced autophagy can be ruled out.
Discussion
In this study, we have analysed in yeast the effects of mutations and pharmacological treatments, which impair the bioenergetic status and the biogenesis of mitochondria. These situations correlate with the onset of autophagy, as monitored by EM analysis and enzymatic assays. Autophagy is widely accepted as one of the two major degradative pathways in eukaryotic cells together with the proteasome, and being in charge of long-and short-lived proteins, respectively. Since autophagy has so far mainly been described to be induced by nutrient limitation, it was essentially considered to be an adaptive response in charge of supplying cells with macromolecules during adverse environmental conditions. The results presented here clearly indicate that autophagy surpasses such a function since the process is triggered in our system under nonstarving conditions, and as a response to an intracellular signalling of bioenergetic dysfunction. Our data, therefore, support the emerging concept (reviewed in Ogier-Denis and Codogno 35 ) of an alternative role for autophagy, which envisages the process as a 'stress-induced' housekeeping mechanism involved in the general maintenance of cellular homeostasis. Autophagic response was already reported to be induced by misfolded proteins. 29, 30 However, if the Dfmc1 model used here effectively accumulates a-F1 and b-F1 as large matricial aggregates under autophagy-promoting conditions 20, 21 (heat stress and anaerobiosis), such aggregates also accumulate in cells grown under aerobiosis (Figure 2d ), without induction of autophagy. Hence, protein misfolding is not the 'stressinducing' event of autophagy in our study.
In all the models tested in this work, cells were grown under conditions where they essentially meet their ATP requirement through glycolysis. Although mitochondria do not significantly contribute to ATP production in these cases, all the data concur that mitochondria host vital processes other than respiration and energy supply, the disruption of which triggers autophagy and culminates in cell death (Figure 4 ). These processes (e.g. synthesis of lipids, heme, amino acids, and nucleotides) depend on the maintenance of DC for proper mitochondrial protein import, 23, 36 which is compromised in our paradigm (Figure 1 and 5a) . We propose that impairment of mitochondrial biogenesis is the source of the autophagic process described here. Although autophagy is generally acknowledged as a nonspecific degradative process capable of sequestering bulk cytoplasm as well as entire organelles into autophagosomes, the concept of selective autophagy has recently been documented by a growing number of reports. As a consequence, the housekeeping function assigned to autophagy has broadened to the maintenance of organelle turnover. In yeast, selective microautophagy targets nonessential components of the nucleus during PMN; 13 peroxisomes are also eliminated by pexophagy upon modification of the carbon source; 11 finally, autophagy also mediates the early removal of fully functional mitochondria when yeast cells are shifted from a respiratory metabolism (i.e. a respiratory substrate will be metabolised by mitochondria to provide the energetic supply) to a fermentative metabolism (i.e. energy is supplied by sequential degradation of a fermentative substrate through glycolysis). 37 In this latter case, mitophagy clearly reflects another physiological adaptive role played by autophagy, which is, however, still nutrition-related. We found that preferential degradation of mitochondria could be prompted in response to mitochondrial damage and therefore, we conclude that stress-induced mitophagy is another asset of autophagy physiology in yeast. Whether this process is reversible -as classical autophagy -or not remains unclear. We found that mitophagy correlates with cell death and further work will determine if cells can recover from situations compromising mitochondria, or if autophagy could be envisaged as an ultimate programme initiated when cells can no longer recover from mitochondrial injuries. Such a finding would raise the attractive proposal that autophagy could be turned from a survival programme into a cell death mechanism in yeast as well.
As a matter of fact, a similar description of mitophagy preceding cell death was observed in mammals, where selective removal of mitochondria was reported to target nonfunctional organelles when the apoptotic programme was blocked at a postmitochondrial stage 14, [17] [18] [19] (after the release of apoptogenic factors from the organelles), or when mitochondria carry deleterious DNA mutations. 38 Whether this mitochondrial degradation results from direct lysosomal uptake 18, 38 or from autophagosomal sequestration 15, 17 is still unclear, but under these conditions, mitophagy would control the scavenging of damaged mitochondria. However, the role devoted to mitophagy in the process ultimately leading to cell death is still unknown.
Molecular characterisation of mitophagy still awaits the identification of the machinery involved (i) in the signal transduction of the process, and (ii) in the selectivity of mitochondria. Such information will be required to determine whether or not nutrient-induced mitophagy 39 relies on the same molecular mechanisms as mitochondrial damageinduced mitophagy. Pioneering work in yeast recently identified Uth1p as the first mitochondrial protein required for early removal of fully functional mitochondria upon modification of the carbon source. 37, 39 Whether Uth1p is required for mitochondrial damage-induced mitophagy is currently being evaluated. As in nutrient-induced mitophagy, 37, 39 we found that mitochondrial damage-induced mitophagy was largely prevented when macroautophagy was disrupted ( Figure 5) ; thus, mitophagy most likely involves TOR signalling; but knowing whether microautophagy participates in the process, as suggested by EM data (Figure 1 ), will require further work. Our attempt to gain insights into the signal transduction of mitophagy resulted in the intriguing finding that the cellular ATP content increased during the process. Such a phenomenon has never been documented before, at least not to our knowledge, and the underlying molecular mechanism is still unknown. Nevertheless, the fact that ATP variation is comparable in our models and in Rapatreated cells is a good indication that both are relevant in the unique cellular process that is autophagy. This observation is far from being counter-intuitive considering the fact that most ATP-consuming processes (transcription/translation) are blocked during autophagy, and that the general break down of dispensable macromolecules aids cellular survival. Further studies are needed to decipher the role and fate of ATP in this process.
Autophagy has, to date, been mostly known as a starvationinduced cellular response designed to face nutrient limitation, and eventually leading to cell death if taken to completion. With respect to the data presented here, the physiological relevance of mitochondrial damage-induced autophagy gains credit and the fact that the process is conserved from yeast to mammals will undoubtedly help in characterising the underlying molecular mechanisms. In the light of our work, autophagy can be envisaged as a quality-control process aimed to prevent proliferation of defective mitochondria, and may even turn out to be a death programme initiated when cells cannot recover from mitochondrial damage. Our work, therefore, provides grounding for the emerging view that failures of the autophagic programme in cells could account for the appearance of mitochondrial pathologies, in the early stages of life as well as in aged cells. Indeed, most mitochondrial pathologies (neurodegenerative disorders, myopathies, diabetes, etc.) are related to defects in oxidative phosphorylations, and our results point toward autophagy as a new target to prevent the emergence of such pathologies.
Materials and Methods

Strains and media
Yeast strains in this study were constructed with the use of standard yeast genetic methods, and are listed in Table 1 .
Deletion of the ATG5 gene was generated in MC1, MC6, and E430 strains by replacement of the gene with a kanamycin cassette (LoxPkanMX-LoxP) PCR-amplified from plasmid pUG6 40 using the following primers: Atg5-Kan, 5 0 -CAT TAA ACA ATT ACT TTG GAA TGG TGA GCT TAA TGT GCA TAG GCC ACT AGT GGA TCT G-3 0 ; Kan-Atg5, 5 0 -TTA GAG CTC AGA GGA AGC TTT ATC GCC GCC TTT TAT AGG AAC AAG CAG CTG AAG CTT CGT ACG C-3 0 . The PHO8 gene in each of these strains was replaced with pho8D60 by insertion of the plasmid pTN9 (a gift from Y Ohsumi) into PHO8 locus and excision out as described previously.
28 Rho1 cells were generated by a two-step growth of the parental strains on YPD plates supplemented with ethidium bromide (40 mg/ml). Growth of yeast cells under anaerobiosis was as previously described. 25 Briefly, cells were grown in liquid YPDA medium containing 30 mg ml À1 ergosterol (Sigma) and 0.2% Tween 80 (Sigma). Anaerobiosis was achieved by sealing six-well plates and Anaerocult P system (Merck) in special incubation bag. BA (10 mM) and 2-DOG (1%) were from Sigma. Rapamycin (0,38 mM) was from Alexis.
Western blot
Total protein extracts were separated on SDS-PAGE, transferred onto a PVDF membrane (Millipore) and revealed with ECL (Amersham). Primary antibodies were used at 1/2000 dilution. Anti-Hsp60p antibody was from Imgenex Corporation. Anti-Pgk1p, anti-Por1p, anti-Dpm1p, and anti-Nsp1 antibodies were gifts from Dr S Manon (IBGC, Bordeaux, France), antiAtp1p was a gift from Dr J Velours (IBGC, Bordeaux, France) and antiKex2p was a gift from Dr S Nothwehr (University of Missouri, MO, USA).
ALP assay
Cells were harvested at OD 550 ¼ 2. The assay method performed on permeabilised whole cells using a-naphthyl phosphate (Sigma) as substrate was as previously described. 41 Fluorescence intensity was measured at 472 nm after excitation at 345 nm. Protein concentration was determined using BCA (Pierce).
Freezing and freeze-substitution for ultrastructural studies
The yeast pellets were placed on the surface of formvar-coated copper EM grids (400 mesh). Each loop was quickly submersed in liquid propane (À1801C) and then transferred to a precooled solution of 4% osmium tetroxide in dry acetone at À821C for 48 h for substitution fixation. Samples were gradually warmed up to room temperature, and washed in dry acetone. Specimens were stained for 1 h in 1% uranyl acetate in acetone 41C, rinsed and infiltrated with araldite (epoxy resin, Fluka). Ultrathin sections were stained with lead citrate and were viewed on a Philips Tecnai 12 Biotwin (120 kV) electron microscope (SERCOMI, Université Victor Segalen Bordeaux 2).
Cellular ATP assay
Cells were harvested at OD 550 ¼ 3 and extraction of total proteins was performed with 5% TCA. Protein assays were performed on acetonewashed pellets with BCA (Pierce). Supernatants were neutralised with KOMO (MOPS 0.3 M, KOH 2 M) and luminescence was measured on an aliquot with Quantitative ATP Monitoring Kit from Thermo Labsystems on a Victor luminometer (Perkin Elmer). 
This study
